We review recent new avenues for controlling two-dimensional (2D) self-assembly stabilized by non-covalent interactions. The use of host-guest architectures has opened new pathways for supramolecular self-assembly in two dimensions by immobilizing molecules of interest in 2D nanoporous networks. We also describe how a judicious choice of guest molecule can induce effective changes in host templates. These transformations could enable full control of 2D self-assembly with nanoscale precision, by tuning parameters such as stoichiometry, geometry and non-covalent interactions. This approach is of paramount importance for understanding changes of dimensionality and subsequently the formation of 2D and 3D supramolecular networks and ordered films that can be used as active materials for applications (e.g., electronic devices).
Introduction
Atomic scale control of features at surfaces and interfaces is important both for a fundamental understanding of nanostructured materials as well as for possible applications in electronics, catalysis, photonics and medicine. 1, 2) Surfaces may be ''coated'' and functionalized by using suitable molecular building blocks; molecular self-assembly has been widely used to create periodic and ordered two-dimensional (2D) surface structures, such as molecular systems weakly physisorbed at the solid/liquid interface. 3, 4) Key challenges are the design and construction of functional features and structures, as well as the identification of possible functionalities. Self-assembly is driven by non-covalent interactions (e.g., hydrogen bonding, van der Waals forces) to form long range ordered structures. It is an attractive approach for constructing well-defined supramolecular systems with flexibility and reversibility both at molecular and macroscopic scales, and offers a route for the investigation of specific interactions at interfaces because of its ability to form complex and diverse architectures with high reproducibility and precision.
Self-assembly is a process driven by weak (i.e., noncovalent) molecular interactions and is a primary concept in supramolecular chemistry. 5) Such processes drive the spontaneous association of molecules under equilibrium, giving rise to continuous networks with a wide variety of different forms and potential functionalities. 1, [6] [7] [8] The relatively weak periodic forces exerted by the substrate of choice on these molecules guide molecule-molecule interactions in such a way as to form aggregates with long-range order. An important advantage of using weak forces is their reversibility, which leads to self-repair mechanisms -in other words, defects can self correct if the interactions are sufficiently weak. Once the desired ordered monolayer is formed, it may serve as the starting point for the construction of a 3D molecular crystal. 9, 10) Recent advances in the study of self-assembled guest-host structures have been buoyed by the high resolution of scanning tunnelling microscopy (STM). STM affords access to a wide range of fundamental properties of molecular nano-patterns by its capacity to measure both topography and local electronic density of states. It allows for the imaging of molecular layers on electrically conductive surfaces with nanoscale resolution. This technique has proven to be highly versatile for imaging physisorbed and chemisorbed molecules, in particular in the study of localized guest-host interactions, as it permits direct observation of the structural characteristics of host lattices. [11] [12] [13] Herein we will discuss the role of guest molecules 14) on self-assembled monolayers at the solid/liquid interface, as evidenced by STM studies. In particular, we focus on: (1) non-covalent interactions and geometrical packing in solution as a novel route towards the formation of crystalline patterns; (2) the exploration of systems engineered exclusively through van der Waals interactions, introducing the basics of adsorption at interfaces (i.e., the trapping of molecules); (3) systems engineered through the formation of hydrogen-bonds, and the influence of adsorbing guest molecules on these self-assembled molecular networks (SAMNs).
Noncovalent Interactions and Geometrical
Packing at Liquid-Solid Interfaces Molecular self-assembly, which induces the formation of supramolecular structures ordered in two dimensions 15, 16) and crystals (hcp and fcc) in three dimensions, 5, 17, 18) is usually driven by non-covalent bonds. Recent examples of 2D self-assembly combine geometrical packing with noncovalent interactions as a novel route towards full molecular structural control. 3, 19, 20) Different polymorphs of SAMNs can also be prepared at the liquid/solid interface by taking advantage of concentration effects and by a suitable choice of solvent. 21) This may offer a way to understand the mechanism of formation and function of complex architectures such as 2D or 3D conformations for molecular recognition. In these past works the various systems were studied due to their versatility and potential for improving the stability of the SAMN stability by exploiting cooperative processes, yet a conclusive and more global description of these is still lacking.
Klymchenco et al. 22) recently demonstrated this strategy in the self-assembly of dialkoxy-isophthalic acid (ISA) ENREF 26 molecules. Pattern formation of ISA with alkyl chains of different lengths was studied at the Au(111)-water, Au(111)-tetradecane and highly ordered pyrolytic graphite (HOPG)-tetradecane interfaces, to determine the role of molecular geometry and hydrogen bond interactions in the 2D assembly of amphiphilic molecules. These results demonstrate how the self-assembly process of 4,6-dialkoxy-ISA may be improved, by using alkyl substituents networks; the length of the alkyl chains plays a critical role in the resulting geometry of the SAMN (lamellar, tetramer, hexamer, octamer, etc.) by interdigitating with other neighbouring structures (Fig. 1) .
Selective control of hydrogen-bonding was demonstrated in the assembly/reassembly process of octadecyl guanine derivative on HOPG. The selective addition of [2.2.2] cryptand, potassium picrate, and trifluoromethanesulfonic acid to the guanine molecule led to controlled and reversible switching between two types of patterns, namely hydrogen bonded ribbons and C 4 quartets. 23) Starting from the supramolecular network resulting from co-deposition of 1,3,5-triazine-2,4,6-triamine (melamine) with perylene-3,4,9,10-tetracarboxylic di-imide (PTCDI), which was first observed in ultrahigh vacuum (UHV) by Theobald et al., 24) Madueno et al. produced a hybrid Hbonded network of SAMNs. 25) At the solution-solid interface the melamine/PTCDI network may be used as a template for adsorption of other groups (thiols in their case), even if these adsorbed guests have disparate geometries, resulting in a new type of SAMN (and hence, a hybrid surface). The thiol guests were subsequently used to template the electrodeposition of copper ions, which could not be achieved on the PTCDI/melamine base network (Fig. 2 ).
Trapping Guest Molecules
The strategies used so far for obtaining full control over confined 2D molecular organic networks have not been successful enough, thus it is essential to develop methods which permit enhanced control of the growth. To this end, extensive studies of molecular templates capable of trapping guest molecules are of topical interest. 26, 27) These systems are particularly compelling because the guest molecules can be used to promote transformations of 2D networks. 28) The host organic structures are templated with crystalline perfection, morphological control, low surface energy and reduced number of defects. The most studied host systems are porous networks formed from organic molecules. 27, 29, 30) The pores in the arrangement of the organic species may act as host sites for the adsorption of other molecules. The building blocks of these pores may consist of single or multiple molecular species, and can be held together by non-covalent interactions such as hydrogen bonds, van der Waals forces, or metal organic coordination. These arrangements can be used to immobilize functional units as guest molecules into arrays possessing the same longrange order as a 2D host lattice. Open-pore layers are flexible structures whose size can be tuned by changing the chemical or physical properties of the building blocks, so that molecules with different sizes can be accommodated within the pores.
One of the best known host systems is based on the self-assembly of 1,3,5-benzenetricarboxylic (trimesic) acid (TMA) into 3-fold symmetric porous networks. These TMA networks may be considered as model systems for selfassembly in 2D. TMA's molecular structure allows for the formation of porous networks stabilized by a combination of hydrogen bonding and van der Waals forces. The structures can act as molecular host systems, with the cavities acting as potential adsorption sites for guest molecules. 21, 31) The first STM investigations on TMA molecules adsorbed on natural grown graphite 32) showed the coexistence of two stable, structurally different phases: the ''chickenwire'' and ''flower'' structures. 33) Both polymorphs provide a hexagonal array of sites which are capable of co-adsorbing guest molecules. 34, 35) These are the only known stable structures formed by TMA on HOPG at the solid/liquid interface. Other polymorphs are metastable in solution and can be observed only when stabilized by defects and domain boundaries (Fig. 3) , 36) but may be stabilized by sufficient deposition amounts in UHV. 37) Recently, our group has used TMA host networks to immobilize heterocirculenes (octathio [8] circulene and sym-tetraselenatetrathio [8] circulene) guest molecules. 38) The TMA and heterocirculenes self-assemble from solution on a HOPG surface (Fig. 4) . The study revealed that heterocirculene guests stabilize preferentially in the pores of the chickenwire TMA polymorph, which has the highest areal density of adsorption sites. 38) An H-bonded 2D network on graphite has also been exploited for positioning fullerenes. 35) A highly ordered 2D network of the COOHsubstituted oligothiphene (TTBTA) with an H-bonding motif allowed precise spatial localization (long-range ordering) for various fullerene stoichiometries. These assembled organic networks take advantage of the relatively strong, unperturbed structure and high directionality of hydrogen bonding interactions to form densely packed monolayers. The extensive intermolecular interaction of this packing mode could be used for growing multilayer materials and organic semiconductors with long range structural order. 
Guest Molecules Induce Transformations of 2D Frameworks
As mentioned above, the immobilization of guest molecules by using 2D porous networks can be exploited as a strategy for promoting self-assembly in two dimensions. Another more recent innovation is the use of guest molecules that induce structural changes in the 2D molecular monolayer. Several groups have reported structural transformations from nonporous to porous networks in response to the presence of guest molecules in alkoxylated dehydrobenzo [12] annulene (DBA) 39) and other alkylated and nonalkylated compounds. 40, 41) These systems are concentrationdependent: patterns that are intrinsically nonporous at a given concentration can be transformed into a porous network upon addition of an appropriate guest molecule. 42) The first example of structural transformation of a network from nonporous to porous as a response to the inclusion of guest molecules was shown by Furukawa et al., 39) starting with a linear nonporous structure. DBA cores with alkyl 25) chain endgroups of C 14 , C 16 , and C 18 were deposited on graphite. The building blocks with longer alkyl chains form a linear pattern, whereas the shorter chained molecules form a honeycomb structure. The authors chose coronene (COR) as a guest molecule because of its planar -conjugated core with C 6v symmetry (reduced from the gas-phase D 6h symmetry by confinement to the surface plane). When added to the linear structure, it transforms into a honeycomb array and the nonporous networks into a porous framework (Fig. 5) .
In the same year Zhou et al. synthesized two polymorphs from the same tetracarboxylic molecule: a parallel network and a Kagome lattice. 43) The resulting interaction of both frameworks leads to frustrated 2D molecular crystallization. Blunt et al. have studied this problem, 41) circumventing crystallization frustration by the use of guest molecules and suitable choice of building blocks. The guests change the size and shape of the molecular arrangement to fit within the nano host-pores and consequently improve the stability of the Kagome network. In contrast to the previous study, the two tetracarboxylic acid building blocks used by Blunt et al. exhibited no frustrated crystallization, and produced either pure closed-packed or parallel geometries, depending on the core structure. Based on previous studies they selected coronene as a guest molecule. 26, 31) Adding it to both host systems, they observed transformation to pure Kagome networks, with COR hosted in the centre pore. This observation reinforces the concept that a correct choice of guest molecule can promote the stability of one of several possible polymorphs. More recently it was shown that by using an appropriate guest molecule it is possible to induce major changes on supramolecular structure. 44) ISA and COR were used as guest molecules on a preassembled DBA network, leading to a significant pattern transformation. The DBA network transforms from a close-packed network to a 2D honeycomb pattern, and COR-ISA 6 clusters fill the honeycomb cavities.
Surface confined 2D assemblies have been extensively studied in several ways; the most commonly used consists mainly of single molecules decorated with molecular recognition units. Strategies based on multicomponent assembly have allowed the formation of 2D self-assembled organic networks, where the judicious choice of components enables to predict and control molecular positions and supramolecular scaffolding. Typically, multicomponent selfassembly is achieved using two or three types of molecules, though De Feyter's group has used up to four components. 45) This multicomponent system made it possible to transform a framework by coadsorbing the appropriate template molecules which fill and stabilize the pores. Such host-guest strategies were based on the fabrication of a Kagome network from a rhombic-shaped fused DBA derivative at the liquid-solid interface on HOPG. The authors established a cooperative process based on four components, namely: chemical structures of DBA, ISA, COR, and triphenylene (TRI). After optimizing the concentration of the four components, a nonporous network transformed into guestfilled Kagome domains. 45) This method allows the stabilization of templates and design of new low density 2D architectures such as nanoporous networks.
Miao et al. 46) showed that the addition of 1,3,5-trihydroxybenzene (THB) guest molecules to a solution of 1,3,5-tris(10-ethoxycarbonyldecy-loxy)-benzene (TECBD) changes the morphology of the self-assembled monolayer from a linear pattern to a honeycomb lattice. Only the honeycomb network was observed and covered the entire surface (Fig. 6) after addition of the guest molecules.
46) The formation of a honeycomb network in the presence of guest molecules is thermodynamically favored by the minimization of interfacial free energy on the 2D crystal pattern, the 39) instabilities related to the formation of voids and lower density of the matrix can be overcome by taking into account the free energy and solute concentrations.
Most recently Blunt and co-workers showed that nonplanar guest molecules (C 60 ) can be trapped by a supramolecular porous network of p-terphenyl-3,5,3 00 ,5 00 -tetracarboxylic acid (TPTC) [ Fig. 7(a) ]. 28) They also found a cooperative growth of guest molecules (C 60 ) and TPTC host network, resulting in the formation of a bilayer. This provides an excellent demonstration of controlled 3D self-assembly [Figs. 7(b) and 7(c)]. Subsequently, the authors showed that the network can be reversibly converted from a bilayer back to a monolayer. The reversibility is achieved by the addition of a planar guest molecule (coronene), which preferentially displaces the C 60 , thus removing the stability of the second layer. The role of the guest and the co-dependence of C 60 inclusion in forming the TPTC bilayer formation distinguishes this study from previous examples of surface bilayer growth.
47) The formation of perpendicular supramolecular networks presents a major challenge, 10, 48, 49) due to limitations associated to intermolecular interactions between the different layers. These limitations can be overcome by using two dimensional host networks as templates for adsorption of guest molecules. The latter are capable to change the morphological and structural properties in the third dimension, inducing a cooperative process that takes into account the size, shape and chemical affinity of the guest molecules. Thus they may lead towards the controlled formation of new three-dimensional functional materials.
Conclusions and Perspectives
STM studies demonstrate control of the assembly of organic building blocks into supramolecular structures stabilized by non-covalent interactions, exploiting solid surfaces with low reactivity such as Au and HOPG as templates, providing a long range periodic potential with regularly spaced adsorption sites.
We summarized the most recent methods for improving molecular self-assembly with mesoscale precision at long ranges. The key concept for the templating effect is to generate a hierarchical stability of the components of the desired complex system, typically using intermolecular interactions, as hydrogen bonds. The component of highest stability should be the nanotemplate, on top of which structures of increased complexity and lower stability can be built. We also described how novel polymorphs of 2D assemblies of organic molecules have been created by the stabilization of pure phases of the molecule of interest at the domain boundaries of more stable, ordered, multicomponent systems.
The main drawback of these supramolecular systems is their fragility and limited electronic properties. To address these limitations, recent efforts over the last decade have focused on the formation of one and two dimensional organic networks through the formation of covalent bonds. Such networks are mechanically robust and are expected to have efficient electronic transport, taking advantage of the covalent nature of the bond. High carrier mobilities can potentially be achieved by creating long range ordered structures in two dimensions similar to graphene. However, the preparation and characterization of such materials presents a major challenge, due to the difficulty to spontaneously form covalent bonds in flat structures. External stimuli can be used to synthesize extended 2D covalent bonds in properly functionalized organic networks. These efforts may lead to the formation of materials with exotic properties, such as zero band gap, metal-insulator transitions and high carrier mobilities. 50, 51) Recent studies have provided consistent evidence that a judicious choice of guest molecules can induce structural changes in the host templates. These transformations may play a role in achieving a full control of 2D self-assembly, by allowing to tune parameters such as stoichiometry, geometry and non-covalent interactions. These simple methods offer interesting perspectives both for fundamental studies and for possible applications. With respect to basic research, they provide insight into the mechanisms that govern and control self-assembly, by balancing moleculemolecule versus molecule-surface interactions. In terms of applications, controlled molecular patterning with nanoscale precision will offer new opportunities for developing molecular writing, chemical and biological sensors, organic and molecular electronic devices, and improved biocompatible materials.
